We present an overview of previous research results on the molecular phylogenetic analyses in Agaricales and its higher ranks (Agaricomycetes/Agaricomycotina/Basidiomycota) along with the most recent treatments of taxonomic systems in these taxa. Establishing phylogenetic hypotheses using DNA sequences, from which an understanding of the natural evolutionary relationships amongst clades may be derived, requires a robust dataset. It has been recognized that single-gene phylogenies may not truly represent organismal phylogenies, but the concordant phylogenetic genealogies from multiple-gene datasets can resolve this problem. The genes commonly used in mushroom phylogenetic research are summarized.
INTRODUCTION
Wherever we look in nature, we find a uniqueness of life that comprises biodiversity, e.g., in fungi (Ovrebo and Baroni, 2007; Noordeloos and Hausknecht, 2007; Ortiz-Santana et al., 2007) . To determine such uniqueness is the task of taxonomy. Presently, more than 1 million animal species and 500 000 plant and micro-organism species have been described, while the estimates of undescribed species range from 3~10 million or even higher. The amount of diversity is unmistakably immense (Mayr and Ashlock, 1991) . In the case of fungi and even the larger basidiomycetes, the numbers of fungi being described are relatively immense (Lechner et al., 2006; Le et al., 2007a; 2007b; Tan et al., 2007) .
The application of the terms, taxonomy and systematics, often overlaps, but they have a subtle difference in meaning: "taxonomy is the theory and practice of classifying organisms" (Mayr and Ashlock, 1991) , whereas "systematics is the scientific study of the kinds and diversity of organisms and of any and all relationships among them" (Simpson, 1961) . More simply, systematics is the science of diversity of organisms and deals with populations, species and higher taxa. It not only provides urgently needed information concerning these levels, but also, and more importantly, cultivates a way of thinking, a way of approaching biology as a whole (Mayr, 1968; 1982) .
The major tasks of systematics are to determine by means of comparison what the unique properties of each species and higher taxa are, to determine what properties certain taxa have in common and establish the biological causes of the differences or shared characters, and to determine the variation within taxa (Mayr and Ashlock, 1991) . The requirements of systematic study involve species recognition and arrangement of the different taxa into a classification that will show their natural relationships (Kaul, 1997) .
Systematics is one of the major subdivisions of biology, and is as broad-based as genetics or molecular biology. It includes not only identification, but also the comparative study of all aspects of organisms as well as their evolutionary history. Based on the advance in DNA sequencing techniques and analytic methods in the last decade, the knowledge of molecular phylogenetics and systematics of fungi has progressed rapidly.
Basidiomycota are characterized by multi-layered cell walls, barrel-shaped structures or pulley wheel occlusions at the septa of hyphae (dolipore septa), an extended dikaryophase, clamp connections that often develop on septa, and the formation of meiosporangia (basidia) that produce meiospores (basidiospores) at the tips of sterigmata (Kendrick, 2000) . Almost 30 000 species had been described (Kirk et al., 2001) .
Historically, Basidiomycota have been treated as a subphylum Basidiomycotina and comprise 3 classes: Teliomycetes (rust and smut fungi), Hymenomycetes (mostly gilled mushrooms) and Gasteromycetes (puffballs, bird's nest fungi, earth stars, stinkhorns) in a 5-subphyla classification system (Ainsworth et al., 1973) . In the latest edition of Dictionary of the Fungi, Basidiomycota comprise 3 classes: (1) Basidiomycetes (including members of Hymenomycetes and Gasteromycetes), (2) Urediniomycetes, and (3) Ustilaginomycetes, and "hymenomycetes" and "gasteromycetes" taken as informal and not monophyletic categories (Kirk et al., 2001) .
With the exception of Urediniomycetes and Ustilaginomycetes that contain important plant pathogens, the basidiomycetes mostly are saprobes and symbionts, and play ecologically important roles, such as oxygen, carbon and nitrogen cycling. Humans have been attracted by mushrooms since ancient times because of their edible or poisonous traits (Garibay-Orijel et al., 2006) . Mushrooms are an important group in the biosphere and their significance in diversity and conservation issues has been recognized extensively. ADVANCE OF PHYLOGENETIC SYSTEMATICS OF BASIDIOMYCOTA AND AGARICOMY-COTINA Swann and Taylor (1993) conducted pioneering studies on the phylogeny of Basidiomycota by sequencing and analyzing the 18S rRNA gene of 19 species. They increased the number of species to 54 using the same gene (Swann and Taylor, 1995) . Both publications revealed 3 major groups: Hymenomycetes, Ustilaginomycetes and Urediniomycetes in Basidiomycota. Subsequent researchers (James et al., 2006; Blackwell et al., 2006) have shown Swann and Taylor's classification to be remarkably stable, but the term of Hymenomycetes is no longer accepted because it is a homonym of "hymenomycetes" of Fries in 1874, which had been shown to be polyphyletic and should be used only informally.
The "Deep Hypha" project, which continued as the "Assembling the Fungal Tree of Life (AFTOL)" project, aims to establish the phylogeny of the entire fungal kingdom. Several publications, milestones in the classification of fungi, have been published as a result (James et al., 2006; Blackwell et al., 2006; . All publications consistently revealed similar major clades in the monophyletic fungal kingdom. These discoveries are summarized by Hibbett et al.(2007) as "the higher-level classification of fungi", which includes a comprehensive phylogenetic classification of the kingdom of fungi. The classification accepts 1 kingdom, 1 subkingdom, 7 phyla, 10 subphyla, 35 classes, 12 subclasses and 129 orders. Ascomycota and Basidiomycota constitute the subkingdom Dikarya, which comprises taxa with dikaryotic hyphae. The formerly named basidiomycetes, urediniomycetes and ustilaginomycetes (Kirk et al., 2001 ) are accepted as Agaricomycotina, Pucciniomycotina and Ustilaginomycotina, respectively.
The classification of major groups within the Agaricomycotina remains unsettled. It has been divided into Heterobasidiomycetes (jelly fungi) and Homobasidiomycetes (mushroom-forming fungi) based on the structure of the septal pore apparatus and the spindle pole body in GenBank 2006 and Mycota VIIb (Hibbett and Thorn, 2001 ), while they are called Tremellomycetidae and Agaricomycetidae under the class Basidiomycetes in the last edition of Dictionary of the Fungi (Kirk et al., 2001 ). In the Homobasidiomycetes, a preliminary phylogenetic outline with 8 major clades was revealed using nuc-ssu and mt-ssu rDNA sequences (Hibbett et al., 1997) . These major clades coincided with Polyporoid, Euagarics, Bolete, Russuloid, Thelephoroid, Hymenochaetoid, Cantharelloid and Gomphoid-phalloid clades. This classification was not congruent with Swann and Taylor (1995) 's findings. Recently Homobasidiomycetes was shown to be polyphyletic (Binder et al., 2005; Moncalvo et al., 2006) .
Presently, the most accepted classification of Agaricomycotina comprises 5 independent clades that are supported with Bayesian statistics (Hibbett, 2006) , and they are recognized as the 5 classes, Agaricomycetes, Tremellomycetes, Dacrymycetes, Wallemiomycetes and Entorrhizomycetes (James et al., 2006; Hibbett et al., 2007; Matheny et al., 2007) .
Lack of, or having septa within basidia, the type of basidia division and the basidiospore discharge mechanism were previously considered as important higher-level characters, but this is not reflected by phylogenetic reconstructions. Characters associated with the septal pore apparatus, nuclear division and the spindle pole body are in agreement with current molecular phylogenetic analyses based on the structural and biochemical database for AFTOL.
ADVANCE OF PHYLOGENETIC SYSTEMATICS OF AGARICOMYCETES AND AGARICALES
The class Agaricomycetes is divided into 2 subclasses: Agaricomycetidae and Phallomycetidae (Binder et al., 2005; Matheny et al., 2007) . Agaricomycetidae comprises 3 orders: Agaricales, Atheliales and Boletales, while Phallomycetidae comprises 13 orders . In many orders, especially those representing larger groups, such as Agaricales, there is still not enough resolution or taxon sampling to develop comprehensive family-level classifications (Hibbett et al., 2007) .
Agaricales comprises the so-called mushrooms and toadstools, and is the largest clade of mushroom-forming fungi (Kirk et al., 2001; Singer, 1986) . More than 9 000 species in more than 300 genera and 26 families had been described (Kirk et al., 2001 ). Mostly they are terrestrial, lignicolous and saprobic, and many are mycorrhizal.
An early classification of mushrooms was developed by Fries in 1874. In his classification 12 genera of gilled mushrooms (agarics) were recognized based on macroscopic features of basidiocarps and colors of spore prints (white, pink, brown, purple-brown and black). His system was widely used as it had the advantage that many genera could be identified on field characters. The system was relatively unchallenged until Fayod studied the anatomy and microscopic features of basidiocarps and consequently recognized 108 genera in 1889.
The most influential systematic treatment of the Agaricales is The Agaricales in Modern Taxonomy by Singer (1986; 1962) . Singer utilized Fayod's anatomic characters and Fries's macroscopic characters in reorganizing families and genera. The term "Agaricales" in his scheme refers to the order containing the type genus Agaricus and the type family Agaricaceae. In his system there were 3 major groups in the order Agaricales s.l.: Agaricales s.str., Boletales, and Russulales. These 3 groups were accepted as the euagaric clades, bolete clade and russuloid clade based on molecular data (Hibbett and Thorn, 2001) . Totally 18 families and 230 genera were distinguished in his system (Singer, 1986) .
Recent molecular phylogenetic research has revealed that Singer's Agaricales roughly parallels the euagarics clade (Hibbett et al., 1997; Moncalvo et al., 2000; . However, phylogenetic data have shown that an overemphasis on spore print color, fruit body formation and some anatomical and cytological traits has led to the establishment of many artificial groups, while some cyphelloid, aphyllophoralean and gasteroid fungi should be included. For example, Hibbett et al.(1997) constructed a comprehensive phylogenetic dataset using nuclear and mitochondrial ribosomal DNA sequences of representatives of Agaricales, Aphyllophorales and "gasteromycete" families (i.e., gilled, nongilled and puffballs). The data show that fruitbody form and hymenophore type did not reflect phylogenetic relationships well. Later research has also confirmed this (Hibbett, 2004) . Moncalvo et al. (2000) investigated phylogenetic relationships within the order Agaricales with analysis of nuclear large subunit ribosomal DNA sequences. One of their discoveries was to reveal polyphyletic groups, such as in the families Tricholomataceae, Cortinariaceae and Hygrophoraceae and the polyphyletic genera Clitocybe, Omphalina and Marasmius. Another phylogenetic study using a broader sampling in the euagaric clade (Moncalvo et al., 2002) analyzed nuclear large subunit ribosomal DNA sequences to reveal 117 monophyletics clades and at the same time showed that some traditional taxonomic groupings were artificial. Some non-gilled resupinate, cyphelloid and gasteroid taxa were found to be members of the Agaricales (Binder and Bresinsky, 2002; Binder et al., 2005; Bodensteiner et al., 2004; Larsson et al., 2004; Moncalvo et al., 2002; Hallen et al., 2003; Matheny and Bougher, 2006; Peintner et al., 2001) . These discoveries indicate that ecological, biochemical, or tropic habits rather than morphological similarities should also be used as diagnostic characters to understand the natural groupings in this order (Moncalvo et al., 2002) .
The most recent phylogenetic treatment within Agaricales was conducted by . In this study the dataset consisted of 146 genera and 238 species utilizing sequences from 6 gene regions: rpb1, rpb-intron2, rpb2, 18S, 25S and 5.8S rRNAs. Bayesian analysis revealed 6 clades labeled the Agaricoid, Tricholomatoid, Marasmioid, Pluteoid, Hygrophoroid and Plicaturopsidoid clades.
The Agaricoid clade (in Euagarics clade) comprised 14 families and tribes of primarily dark-spored agarics and gasteromycetes that clustered together with significant Bayesian support. The same group was also resolved in the maximum parsimony tree but with poor bootstrap support . Nidulariaceae and Cystodermateae formed a subclade in the Agaricoid clade, thus the main group comprising 12 families.
RECOGNITION OF SPECIES AND ADVANCE IN STRATEGIES FOR ESTABLISHING PHY-LOGENETIC HYPOTHESES

Speciation and recognition of species
Speciation is a process in which genetically cohesive groups diverge into two or more genetically distinct groups of individuals. This process is due to change and accumulation in genetic differences through the natural process of evolution, including mutation, selection and genetic drift. When the differences become sufficient, they are recognized as different species (Petersen and Hughes, 1999) . Polyploidy or chromosomal rearrangement is the main way to form genetic differences and different species may arise from different populations in overlapping geographical ranges (Burnett, 2003) . Speciation is a process that occurs with time, although there is uncertainty concerning the exact point in this process when a population becomes a species (Petersen and Hughes, 1999) .
The species concept based on Darwinian evolution and speciation is known as the Evolutionary Species Concept (ESC), which defines a species as "a single lineage of ancestor-descendent populations which maintains its identity from other such lineages and which has its own evolutionary tendencies and historical fate" (Wiley, 1978) . However, this concept is difficult to operate in practice. Mayden (1997) proposed the Morphological Species Concept (MSC), Biological Species Concept (BSC), and Phylogenetic Species Concept (PSC) as secondary to the ESC, which can be used to diagnose or recognize species.
A species based on the MSC assesses overall similarities of morphological characters. MSC is in the most commonly used system for the identification of organisms. The recognition of species by MSC, however, often comprises more than one species (Taylor et al., 2000) . In many cases, fruitbody phenotypic differences are subtle and there is disagreement as to whether two groups are different species or just local adaptations within a species. Evidence from fungi shows that genetic isolation precedes reproductive isolation and that morphological differentiation comes last. The rate of nucleotide substitution in fungi, a key factor in phylogenetics, has been shown to be similar to that in bacteria and macroscopic eukaryotes (Kasuga et al., 2002) .
The BSC comprises "groups of actually or potentially interbreeding natural populations which are reproductively isolated from other such groups" (Mayr, 1940) . The greatest limitation of BSC is that it is impossible to apply this concept to all fungi as many lack meiospores or often cannot be cultivated to carry out mating tests. Furthermore, there is evidence (Hibbett et al., 1995; Hibbett and Donoghue, 1996) that the criterion of reproduction lumps together groups of fungi that are genetically isolated in nature (e.g., in Lentinula edodes). It has been argued that the BSC overemphasizes potential gene flow between populations, whereas the PSC can recognize as distinct species those groups or populations that are genetically isolated from other groups and, therefore, represent distinct evolutionary units (Harrison, 1998) .
The PSC is "the smallest diagnosable cluster of individual organisms within which there is a pattern of ancestry and descent" (Mayr, 1940) . PSC requires recognition of monophyletic groups of organisms that share at least one uniquely derived character, and this character is descended from a common ancestor (Taylor et al., 2000; Moncalvo, 2005) . In fungi, applying the PSC in research concerning asexual organisms and in the detection of relationships between anamorphic and teleomorphic stages of a single species has an obvious advantage (Moncalvo, 2005) .
Different attributes in a species have been regarded as being important, and thus some species have been defined differently. The most pragmatic way to proceed is therefore to continue to work with a morphospecies as the basic taxonomic unit, but to include additional supplementary material as supplied by other studies as a guide to both phylogenetic trends and the interpretation of evolutionary potentialities. In operational terms this could most easily be achieved by the use of the MSC, and supplementary reference to the entities defined as BSC or PSC (Burnett, 2003) . There are many examples where new or old taxa are recognized based on morphological and molecular phylogenetic data (Blanco-Dios et al., 2006; Bruns et al., 1998; Buyck et al., 2006; Callac and Guinberteau, 2005; Capelari et al., 2006; Dai et al., 2006; Desjardin et al., 2004; Miller and Huhndorf, 2004; Minnis et al., 2006 , Wang et al., 2002 , but also where morphological data are only presented (Antonin and Barrasa et al., 2006; Nuytinck et al., 2006) including occasionally with mating type studies (Tan et al., 2007) .
Advance in strategies for establishing phylogenetic hypotheses
Statements such as "Phylogenetic methods come to age", "The use of molecular phylogenies to examine evolutionary questions has become commonplace with automation of DNA sequencing and availability of efficient computer programs to perform phylogenetic analysis" have evocated the use of sequencing in mushroom taxonomy (Huelsenbeck and Rannala, 1997) . The goal of phylogenetics is to construct phylogenetic topologies that form assumptions concerning the natural evolutionary relationships of clades. There is an evident need to obtain a robust and accurate phylogeny from the data, and this can be achieved by extending the number of nucleotides sequenced and by choosing the appropriate genes. The use of more nucleotides in phylogenetic analysis has become commonplace (Berbee et al., 2000) . It also been recognized that single-gene phylogenies may not truly represent organismal phylogenies, but the concordant phylogenetic genealogies from multi-gene sequences can solve this problem well (Doyle, 1992; Maddison, 1997; Taylor et al., 2000) . Furthermore the use of different kinds of genes has been recommended, as the rDNA genes alone could not provide sufficient information to resolve a fungal phylogeny with a satisfactory level of confidence (Bruns et al., 1992; Sugiyama, 1998; Tehler et al., 2000; Berbee et al., 2000; Binder and Hibbett, 2002; Moncalvo et al., 2000; . Multiple genes sequence data from both nuclear and mitochondrial rDNAs have been used in recent papers (Hibbett et al., 1997; Hibbett and Binder, 2002; Binder and Hibbett, 2002; Binder et al., 2005 , Hughey et al., 2000 Wang et al., 2004) . The use of data from protein-coding genes for a broad inference of fungal systematics has been hindered due to the difficulty in designing robust primers for PCR amplification across a broad range of diverse taxa, and the need to clone heterozygous loci in dikaryotic organisms (Moncalvo, 2005) . However, progress has been made, as proposed in AFTOL (http://ocid.nacse.org/research/aftol/). The proteincoding genes frequently used in Basidiomycota are as follows: RPB1, the gene that encodes the largest subunit of RNA polymerase II (Kropp and Matheny, 2004; Matheny et al., 2002; Matheny, 2005) ; RPB2, the gene that encodes the second largest subunit of RNA polymerase II (Liu et al., 1999; Liu and Hall, 2004; Matheny, 2005; Reeb et al., 2004; Wang et al., 2004; Zhang and Blackwell, 2002) ; tef1, codes for translation elongation factor 1-α (Baldauf and Palmer, 1993; O′Donnell et al., 2001; Rehner and Buckley, 2005; Matheny et al., 2007) ; and ATP6, a mitochondrial gene (Kretzer and Bruns, 1999; Robison et al., 2001) . In all this, the morphological characters must not be forgotten!
